determine the generation of the responses that cause intestinal helminth resistance.
Rhomboids form a family of polytopic intramembrane serine proteases. In Toxoplasma gondii, an essential activity called microneme protein protease 1 (MPP1) cleaves secreted adhesive proteins within their transmembrane domains, at a site conserved in similar proteins of other Apicomplexa. Current evidence suggests that MPP1 is ubiquitous in the phylum and is encoded by a rhomboid gene. In this article, we present the current repertoire of rhomboid-like proteins in Apicomplexa using a nomenclature based on phylogenetic analyses.
What are rhomboids? Rhomboids are a family of intramembrane serine proteases. The founding member of the family is Rhomboid-1 from Drosophila melanogaster, which has a role in signalling during development. The membrane-tethered molecule Spitz, after being trafficked to the Golgi apparatus by another protein called Star, is cleaved in its transmembrane (TM) domain by Rhomboid-1. This results in release of the soluble domain of Spitz, an epidermal growth factor (EGF) receptor ligand, into the lumen of the Golgi from where it is secreted [1] . Rhomboids are present in all kingdoms of life [2] , although few have been ascribed functions yet.
Analysis of Rhomboid-1 has recently predicted that a catalytic serine pairs with a histidine within separate TM domains to form a putative catalytic dyad [3] , whereas a previous model proposed a catalytic triad involving the contribution of a conserved asparagine residue [1] . Although rhomboids throughout evolution are diverse, the overall structure of several TM domains is conserved: normally, seven in eukaryotes and six in archaea and eubacteria [2] . In most cases, the residues of the predicted catalytic triad are also conserved, together with a tryptophan and an arginine residue that were shown to be required for Rhomboid-1 function in Drosophila [1] ( Figure 1 ).
Nomenclature for rhomboids in Apicomplexa
Rhomboid-like genes are present in the genomes of all apicomplexan parasites currently sequenced, including Toxoplasma gondii, Plasmodium spp., Eimeria tenella, Cryptosporidium spp. and Theileria spp. We performed basic local alignment search tool (BLAST) searches using Drosophila Rhomboid-1 and human RHBDL2, in addition to subsequently identified apicomplexan rhomboids, to identify several rhomboid-like genes in each sequenced parasite. Several groups have started to characterize apicomplexan rhomboid-like proteins (ROMs) and, to avoid confusion, have agreed that a uniform nomenclature should be established. In the absence of functional data, a nomenclature for these proteins was made based on their clustering in phylogenetic analysis, in the hope that the rhomboids within a cluster would share similar functions. Formally, we have named rhomboids from any cluster that is supported by good bootstrap values (O90 using both neighbour-joining-distance and maximum parsimony analyses). We have named them according to the name of the experimentally determined T. gondii rhomboid present in that cluster.
T. gondii contains six rhomboid-like genes that we have called TgROM1-TgROM6 [4] (Figure 1 ) to adhere to the previously proposed nomenclature for T. gondii [5] . The convention is to name genes using the first letters of the genus and species of the parasite followed by three letters and a number. The numbering of T. gondii ROMs was applied in the order in which they were identified. PfRO M4 The primary structures of TgROM1-6, with TM domains represented by red boxes, and soluble domains by uncoloured boxes. Except for TgROM6 (*), the annotations of the genes encoding TgROMs have been determined experimentally [18] . Residues corresponding to the essential residues of Drosophila Rhomboid-1 in (a) are shown. (c) Phylogenetic relationships between apicomplexan ROMs. The tree is based on neighbour-joining-distance analysis. Nodes supported by a bootstrap value O75 using both maximum parsimony and neighbour-joining analyses are indicated by a black dot. Nodes supported by bootstrap values O90 in both analyses are indicated by a circled black dot.
Bootstrap analysis was performed with 1000 replicates. Species are represented by two letters preceding each ROM: Cp, Cryptosporidium parvum; Et, Eimeria tenella;
Pb, Plasmodium berghei; Pf, Plasmodium falciparum; Ta, Theileria annulata; Tg, Toxoplasma gondii. Accession or identification numbers for each gene are shown in Figure 2 . For sequence alignment used for the tree, see Supplementary Figure 1 . The P. falciparum and C. parvum sequences were obtained from genome databases [23] [24] [25] . E. tenella sequence data were obtained from the Eimeria Tenella Genome Project (http://www.sanger.ac.uk/Projects/E_tenella/) using the 27/07/2004 assembly. T. gondii and T. annulata genomic and/or cDNA sequence data were accessed through ToxoDB (http://ToxoDB.org), the extra genes have been named PfROM7-PfROM10 ( Figure 2 ). E. tenella possesses the same repertoire of ROMs as T. gondii, except for ROM2, which seems to be absent; however, a definitive statement must await the complete sequencing of the genome. The sequence information currently available for a fourth EtROM is not sufficient to include the protein in the phylogenetic analysis; however, based on high similarity with TgROM5 and preliminary phylogenetic data, we anticipate that, when fully annotated, this will prove to be the EtROM5 gene. In Theileria annulata and Theileria parva, only proteins related to ROM4 and ROM6 are present in the repertoire of coccidians. In addition, two more-divergent sequences are present, with one showing some similarity to PfROM7. Cryptosporidium parvum and Cryptosporidium hominis contain smaller genomes (9.1-9.2 Mb with 3800 protein-coding genes) compared with the Plasmodium genome (23 Mb with 5300 genes) and have a reduced number of ROMs. Only three putative rhomboids have been identified, of which one corresponds to ROM1 or ROM2, and two are related to ROM4 (Figures 1,2) . The ROMs of Theileria and Cryptosporidium that form a cluster with TgROM4 and TgROM5 have not been named because they do not seem to be more closely related to either TgROM4 or TgROM5. The naming of these proteins awaits further experimental data, possibly including the experimental assembly of the genes that encode them followed by phylogenetic analysis. Likewise, the Cryptosporidium ROM that clusters most closely with TgROM1 and TgROM2 is not clearly more related to TgROM1 or TgROM2 and, thus, cannot be named yet according to our system.
Intramembrane cleavage of MIC proteins T. gondii secretes proteins from specialized organelles called micronemes immediately before invasion and during gliding [6] . The microneme proteins (MICs) TgMIC2, TgMIC6 and TgMIC12 are processed within their TM domains by a protease activity called microneme protein protease 1 (MPP1) [7, 8] . An uncleavable TgMIC2 mutant demonstrated the importance of MPP1 activity for invasion [9] but the gene responsible for expressing the MPP1 protease has not yet been identified. MPP1 might be inhibited by the serine protease inhibitor 3,4-dichloroisocoumarin (DCI) [7] , which also inhibits Rhomboid-1 in Drosophila [1] , in addition to host-cell invasion by T. gondii [10] . The intramembrane-cleavage site has been mapped in both TgMIC2 and TgMIC6 to the site IAYGG [8, 11] and is clearly conserved in other T. gondii MICs, including TgAMA-1 [the Toxoplasma homologue of P. falciparum apical membrane antigen 1 (PfAMA1)]. In Plasmodium, PfAMA1 is processed primarily by a 'sheddase' at a site that is just outside the TM domain, on the N-terminal side; however, there is also evidence of processing within the TM domain when sheddase activity is prevented [12] . Although intramembrane cleavage has been experimentally demonstrated for only one member of the thrombospondin-related anonymous protein (TRAP) family (TgMIC2), the cleavage site is conserved in most TRAP-related proteins of all the apicomplexan species studied to date (Figure 2 ). This also includes the Piroplasmida that have motile and invasive stages and, thus, possess gliding machinery [13, 14] . In addition, the MICs of the duffy-binding-like erythrocyte-binding protein (DBL-EBP) family involved in red blood cell invasion by Plasmodium merozoites are also plausible candidate substrates based on sequence conservation in the membrane-spanning domain [15] .
The cleavage site of TgMIC2 shows similarity to the Spitz substrate motif -a region containing helix-destabilizing residues required for cleavage by Rhomboid-1 [16] . A recent study has demonstrated that Rhomboid-1 from Drosophila and RHBDL2 from humans can cleave substrates that contain TgMIC2, TgMIC6 or TgMIC12 TM domains [16] . Interestingly, MPP1 requires no prior substrate-cleavage event, unlike all known intramembrane proteases except those of the rhomboid family. An overriding theme of the rhomboids that have been attributed to certain functions is that these proteases are responsible for regulating the activation of their substrate. Because no rhomboid has yet been found to have a regulatory cofactor, the timing of expression and/or localization seems to be responsible for this regulation. MPP1 activity is predicted to be constitutive on the parasite surface [8] ; thus, cleavage of the MICs can occur only after discharge by the microneme organelles during invasion. Taken together, this evidence suggests that one of the ROMs is responsible for MPP1 activity in T. gondii and other organisms throughout the phylum. TgROM4 and TgROM5 localize at the plasma membrane of T. gondii tachyzoites [17, 18] and, in P. falciparum, the expression profile of PfROM4 in late schizonts coincides with other invasion factors. Interestingly, ROM4 is the only rhomboid-like protease found in all apicomplexan species so far. Because a microneme protein protease activity is expected to be ubiquitous in all motile and invasive stages of apicomplexan parasites [19] , TgROM4 seems to be a plausible candidate for MPP1 activity. However, the recent detailed analysis of several T. gondii ROMs revealed that TgROM5 can cleave the TM domains of TgMIC2, TgMIC6 and TgMIC12, and the protease relocalizes to the posterior pole of the parasite after stimulation of MIC secretion, suggesting that TgROM5 is the primary candidate for MPP1 [17] .
Speculative functions for other apicomplexan rhomboids All eukaryotes have been predicted to contain a mitochondrial rhomboid [20] . Using MitoProt (http://ihg.gsf.de/ihg/ mitoprot.html), the N terminus of TgROM6 is predicted to contain a mitochondrial-targeting signal and, in a phylogenetic analysis, PfROM6, TaROM6 (from Theileria annulata), EtROM6 and TgROM6 segregate into the cluster of mitochondrial rhomboids from humans, Drosophila and Saccharomyces cerevisiae. Dynamin-like proteins are present in apicomplexans [e.g. PfDynamin (GenBank accession number NP_700841) and PfDynaminlike (GenBank accession number NP_701321)] as potential homologues of the yeast mitochondrial rhomboid (Pcp1) substrate ScMgm1p. They could be substrates for ROM6, although the current gene models do not reveal a potential cleavage site. No homologue of the other Pcp1 substrate, cytochrome-c-peroxidase, has yet been found. Assuming that ROM6 would fulfill an important role in the membrane remodelling of mitochondria, its absence from Cryptosporidium is rather surprising. However, these parasites are devoid of a mitochondrion genome and harbour only a relict mitochondrion of unusual morphology that lacks Update many metabolic functions, including the Krebs cycle and oxidative phosphorylation.
The bacterium Providencia stuartii expresses a rhomboid that is involved in 'quorum sensing', although its substrate is not known [21] . One or more of the apicomplexan rhomboids might exhibit signalling functions through a membrane-tethered signal within the parasite that, upon activation by a rhomboid, would be secreted into the host cell, in which it could manipulate parasite or host-cell signalling. Although still speculative at this stage, it is possible to identify candidate rhomboid substrates distinct from MICs that might be involved in host-parasite interaction. For example, the P. falciparum early-transcribed membrane proteins (PfETRAMPs) comprise a family of TM proteins located at the parasite-host interface that contains a strongly conserved Spitz substrate motif [22] (Figure 2b ).
Concluding remarks
The potential roles of the rhomboid family of proteases are diverse, and immediate experimental investigations into the apicomplexan rhomboids should shed light on the identity and the mechanism of MPP1 activity, in addition to other possibly crucial functions. The identification of new essential proteases in Apicomplexa potentially represents a first key step in developing new therapeutic strategies to treat the life-threatening infections caused by these pathogens.
